Five novel amide based chiral tripodal receptors were synthesized under microwave irradiation by reacting nitrilotriacetic acid with chiral amino alcohols in a solvent-free medium with high yields (≥ 90%). The recognition affinities of these tripodal receptors were investigated towards anions and chiral organic ammonium cations using 1 H NMR titration method. The results show that receptor 1 displays more affinity against anions compared with other receptors and the tripodal receptor 4 demonstrated a significant enantiomeric selectivity towards the (R)-naphthylethylammonium perchlorate (ERF 54%).
Introduction
Selective recognition of cations and anions by artificial receptors has been an attractive research area for their potentials in various applications such as biochemical and pharmaceutical studies, separation processes and sensing. [1] [2] [3] [4] [5] [6] Multiple interactions between hosts and guests are necessary in developing an artificial receptor exhibiting selectivity towards a specific analyst. Tripodal based receptors have been used successfully in the ion-selective electrode membranes 7,8a ,b,9,10 and optical sensors. [11] [12] [13] [14] They allow three arms as interacting sites for ligands. Molecular design allows controlling binding properties such as selectivity, stability and complexation. Selectivity of a tripodal receptor largely depends on cavity size and rigidity of the arms [15] [16] [17] and therefore, they are known to have several advantages compared to monopodal and bipodal receptors: i) they usually bind metal ions very strongly due to increasing chelating influence, ii) bulkiness of tripodal ligands allows them to be more reactive towards metal ions. Because of the distinctive features of synthetic tripodal receptor system, their design and development is a very active field of study in the supramolecular chemistry. 6, 7, 18, 19 An amide functional group, which exists in the structure of many synthetic materials, is very important in the organic chemistry and biochemistry. Therefore, the synthesis of compounds containing amide functionality is of interest in synthetic chemistry. The use of microwave technology in organic chemistry was widely investigated in the last decade and hence a great number of papers report that many chemical transformations can be carried out successfully by this technique. 20 It significantly reduces reaction time and thus provides high yield, less by-product formation as well as easier workup consistent with green chemistry, solvent free organic conversion, atom economy and selective reaction. 21, [22] [23] [24] [25] [26] [27] [28] [29] Therefore, the synthesis of tripodal receptors based on amide formation has been carried out by condensation of carboxylic acids and amines, employing microwave technique which allows direct conversion of carboxylic acids to amides. Otherwise, the conversions of carboxylic acids to more reactive intermediate are necessary to obtain amides. This paper involves the synthesis of a series of novel tripodal receptors based on amides under microwave conditions and the evaluation of their molecular recognition abilities towards various anions (H2PO4 -, HSO4 -, C6H5CO2 -, CH3CO2 -, F -, Cl -, Br -) and chiral organic ammonium cations using 1 H NMR titration methods.
Results and discussion

Synthesis
In this study, five amide-based tripodal receptors were synthesized under microwave irradiation (Scheme 1) and their binding affinities were examined against various anion salts of tetrabutylammonium (TBA) (H2PO4   -, HSO4   -, C6H5CO2   -, CH3CO2   -, F   - , Cl -, Br -) and chiral organic cation salts of ammonium by 1 H NMR titration method. The reason for employing anions as TBA salts was due to their higher solubility in organic solvents compared with that of their alkali metals salts. The structures of receptors were elucidated by IR, 1 H NMR, 13 C NMR, DEPT, 2D NMR (COSY, HMQC) and mass spectroscopy. The reactions were performed using microwave irradiation conditions under atmospheric pressure with 1000 W at 150 o C, maximum 42 minutes (generally 2-3 drops of water was added). All amides were obtained with very high yields (≥ 90%) (Scheme 1) and products were purified without applying expensive methods such as chromatography.
Scheme 1. Synthesis of chiral tripodal receptors.
Determination of Stoichiometry and Complexation Constant (Ka) 1 H NMR spectra were recorded for the changes in the chemical shifts of receptors at various concentrations of the ions. A representative example is illustrated in Figure 1 for the spectra of the receptor 1 with H2PO4 -anion. It indicates that significant changes occur in the -CH hydrogens upon addition of the anion. A similar spectra were recorded for the complex of receptor 2 with (S)-phenylethylammonium as demonstrated in Figure 1 . Determination of the stoichiometry of complexation between a receptor and a ligand is crucial to determine the binding constants of the complexes in the molecular and enantiomeric recognition studies. 30 Although a variety of methods have been used for this purpose, Job Plots method has become the most frequent and routine one. A typical Job's Plot for the complex of tripodal receptor 2 with H2PO4 -anion in DMSO-d6 shows the maximum at a molar fraction of 0.5 (Figure 2 ), corresponding to a 1:1 ratio. Similar results were obtained for all tripodal receptors with anions. There are many methods reported for determination of complexation constants. 31, 32 They are mainly graphical methods and designed computer program packages. The binding constant between receptors and ions were calculated by 1 H NMR titration data using non-linear curve fitting approach. Two reprehensive data are presented in Figure 3 for the complexes of receptor 2 with tetrabutylammonium benzoate (left) and (S)-AM1 (right). 
Anion Recognition Studies
We have previously reported the synthesis of tripodal receptors 1 and 2. 33 The selectivity trends of binding affinity of anions for tripodal receptor 1 was in order of H2PO4 ->C6H5CO2 ->HSO4 -and for tripodal 2 the order was H2PO4 -> C6H5CO2 ->ClO4 ->PF6 ->HSO4 -in DMSO-d6. The study clearly demonstrated that the spacer of tripodal-type receptor influences the recognition for anions. nd: Not determined; *Anions were used as tetrabutylammonium salts. **Ka corresponds to association constants which were obtained from 1/Kdiss.
Binding constants obtained for the complexes of receptors with anions are given in Table 1 . They indicated that tripodal receptors have a better affinity against C6H5CO2 -and CH3CO2 -anions followed by H2PO4 -. However, it does not bind or weakly bind to HSO4 -, Cl -and Br -anions. It is thought that hydrogen bonds would play a key role in the recognition of these receptors with anions (Scheme 2). The main hydrogen donors are expected to be amidic hydrogens while the OH may be also involved in the interactions. However, we could not provide an evidence to show the involvements of these hydrogen's in the complexation since the former are overlapped by aromatic hydrogens and the presence of water impurity hampers to observe the shifts in the OH hydrogens. The better affinity of the receptors (4 and 5) against benzoate or acetate may be associated with the presence of further -π or π-CH interactions. The interaction of 4 and 5 with benzoate is thought to involve -π interactions and those with acetate via CH-π interactions since they bear aromatic ring on each arm as shown in Scheme 2. So, the reason for the better selectivity for benzoate over acetate may be attributed the favourable π-π interactions compared with CH-π interactions.
Tripodal receptors showed the highest affinity for fluoride compared with chloride and bromide. This may be attributed to the fact that hydrogen bonding is the main driving forces for the complexation between the receptors and anions and hence fluoride apparently is a better donor compared with chloride and bromide. A parallel trend was also previously reported for a structurally similar systems. [34] [35] [36] 
Cation Recognition
The design of amide-based tripodals for a cation requires a receptor unit that selectively interacts with a cation. Owing to the special structure of their three flexible donor-atom-containing chains, tripodal receptors can form complexes with many organic ammonium cations and various anions. 6 Enantiomeric recognition studies of amine or protonated amine salts are considerably important, because these molecules are basic building blocks of many biological materials. Since, the tripodal receptors are highly symmetric and relatively rigid due to amide moieties, they are used in the enantioselective discrimination of phenylethylammonium [(R)-AM1, (S)-AM1] and naphthylethylammonium [(R)-AM2 and (S)-AM2] salts, by 1 H NMR titration method. During titration, the signal of -CH hydrogen tripodal receptors shifted to downfield with addition of the cation molecules (Figure 4) . However, the shifts were in high field for the complexes with anion molecules. The possibility of simple acid-base chemistry between receptors and cations was ruled out by shifts in 1 H NMR spectra. It would be expected to have significant shifts in -CH signals of both receptors and cations if the proton transfer occurs. The binding constants between the receptors (1-5) and enantiomers are presented in Table 2 .
Data indicate that receptors generally prefer to bind R enantiomers of salts, except that receptor 1 significantly prefers to bind S enantiomer of AM1 with ERF of 34 %. On the other hand, this receptor prefers to bind R enantiomer of AM2 with ERF of 36 %. A significant observation of this study is that receptor 4 show high discrimination against AM1 salts, which preferably bind to R enantiomer with ERF of 54 %. It is hard to postulate a rationale for the discrimination of AM1 and AM2 salts by receptor 1. However, it may be possible to propose that the methyl group in receptor 1 has a better orientation to interact with S enantiomer of AM1, but some show with R enantiomer of AM2. The lower discrimination observed for 2, 3 and 5 may be ascribed to the fact that isopropyl, isobutyl and phenyl group is too bulky to have favorable interactions with one of enantiomers of both salts. The phenyl group in receptor 4 is expected to be more flexible compared with one in 5 and therefore it is likely to provide a better binding site for the R enantiomer of AM1 via π-π interactions where this would be not possible with AM2, probably due to the larger naphthyl group. 
Conclusions
The paper reports the synthesis of tripodal amides receptors under microwave irradiation and the measurements of their binding properties with anions and cations by 1 H NMR titration. The synthesis is too facile since it involves a direct reaction of amine with carboxylic acid with requirement for a coupling agent or catalyst. The binding results indicate that all tripodal receptors possess high affinity for dihydrogenphosphate, benzoate and acetate anions. Moreover, the results obtained regarding to these receptors indicated that they can discriminate between the enantiomers of AM1 and AM2 salts. The results demonstrate that electrostatic interaction, hydrogen bonding, receptor cavity and rigidity, preorganization of binding sites of receptors and the nature of anions and cations play essential roles in the recognition process. The findings are relevant to understand the biochemical processes in livings and also may be used to develop systems in material science such as sensors.
Experimental Section
General information. Melting points were determined with a GALLENKAMP Model apparatus with open capillaries. Infrared spectra were recorded on a MIDAC-FTIR Model 1700 spectrometer. Elemental analyses were obtained with CARLO-ERBA Model 1108 apparatus. Optical rotations were taken on a Perkin-Elmer 341 Model polarimeter. 1 H (400 MHz), 13 C (100 MHz) and 2D NMR (DEPT, COSY, HMQC) spectra were recorded on a BRUKER AV400 NMR spectrometer in the indicated solvents. Chemical shifts are expressed in part per million (δ) using residual solvent protons as internal standards. Mass spectrometry analysis was performed on an autoflex III MALDI-TOF/TOF-MS system (Bruker Daltonics, Bremen, Germany). The START labstation (Milestone labstation for microwave enhanced chemistry) was used for synthesis of chiral tripodal receptors.
Synthesis of the Tripodal Receptors
In order to improve efficiency and reduce waste production; the microwaves offer mild methods to prepare tripodal receptor 1-5 directly from non-activated carboxylic acids and amines in the absences of coupling reagent and solvents. The reaction conditions (temperature, time and power) for the synthesis of tripodal receptors were optimized under microwave condition. For each tripodal receptor; a power of 1000 W, time of 40 minutes, atmospheric pressure and 150 o C were found to be most suitable conditions for the highest conversion. Also, 2-3 drops of water is required to improve the conversion. 
H NMR Titration
The dissociation constants (Kdiss) between each host and guest were calculated from the change in δ values in host against increasing guest concentration in the presence of constant host concentration by non-linear least-squares fitting method 38 using Graph Pad Pris 4 pocket programme using Equation(4), derived from (1-3).
Where Kdiss is the dissociation constant between a host and a guest, δ0 is the chemical shift in specific hydrogen of a guest in the absence of a host, δobs is the observed chemical shift in the same hydrogen in the presence of a host and δmax is the maximum chemical shift achieved in the presence of a host. The concentration of tripodal receptors was kept constant at 110 -3 M in DMSO-d6 collected at 25 ± 0.1 ⁰C. The binding constants were calculated from the chemical shifts in the 1 H NMR peak of -CH (asymmetrical methine hydrogen) in the tripodal receptors against the addition of various concentrations (0-6 mM) of tetrabuthylammonium form of anions and chiral organic ammonium salts. The most regular change in these structures was observed in the -CH (asymmetrical methine) hydrogen since -NH signals of the amide group overlap with those of aromatic groups in this tripodal receptor. Therefore, the signal of -CH was monitored to determine complexation parameters for anions and cations with tripodal receptors.
